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ABSTRACT

Guo, Tianqi. M.S.M.E., Purdue University, May 2016. The Effect of Confinement on the
Development of an Axisymmetric Wall Jet in Confined Jet Impingement. Major Professor:
Pavlos P. Vlachos.

Impinging jets have been widely used in the industry for cooling, heating, drying and
many other purposes due to their excellent level of mass and heat transfer capacities. When
issued into a confinement gap fully filled with working liquid, which is a typical
configuration for the compact cooling devices designed to handle the extremely high heat
fluxes generated by continuously working electronic components, they are classified as
submerged confined impingement jets. Though the complicated flow field induced by the
jet has attracted enormous amount of research efforts from heat transfer as well as fluid
dynamics points of view, many key questions still remain unanswered. The present work
reports a detailed experimental study of the flow field surrounding an axisymmetric,
confined, impingement jet using stereo particle image velocimetry (SPIV). The
experiments are conducted at three different orifice-to-plate spacings (2, 4 and 8 jet
diameters) across Reynolds number ranging from 1000 to 9000. A maximum spatial
resolution of 25 μm is achieved and the temporal resolution of the measurement remains
750 Hz. Special attention has been paid to the development of the triple-layered wall-jet
with incomplete self-similarity. The jet core length and expansion angle for the vertical

x
impingement jet has been calculated and presented. At small confinement height, the
recirculating vortical structure has been found to strongly affect the wall-jet development.
These flow field measurements and analysis will serve to inform a variety of practical
applications in which impinging jets are used.

1

CHAPTER 1. EFFECT OF THE CONFINEMENT ON THE FLOW FIELD

1.1

Flow Field Characteristics
Impinging jets are ubiquitous in many engineering applications. Jets are used for

cooling the leading edge of gas turbines (Han, 2004), rapid processing of foods (Sarkar et
al., 2004), quenching of metal parts (Ferrari et al., 2003), and thermal management for
electronic components (Pavlova & Amitay, 2006). When used for cooling, impinging jets
can achieve high heat transfer rates compared with other common single-phase cooling
methods such as parallel forced flow or natural convection (New & Yu, 2015). Confined
impinging jets, in particular, are of interest for compact electronics packaging development
(Garimella, 2000).
The flow field resulting from jet impingement consists of several regions that show
distinct flow features (Carlomagno & Ianiro, 2014), as shown in Figure 1a. A free jet
region forms as fluid exits the jet orifice in the confinement plate. The jet potential/inviscid
core, where the velocity is relatively uniform, is surrounded by a free shear layer where the
jet entrains the ambient fluid and slowly expands (Hollworth & Wilson, 1984). As the jet
approaches the bottom plate, the flow decelerates in the vertical direction and accelerates
in the radial direction near the stagnation point. This acceleration in the radial direction
forms a wall jet along the bottom wall of the confinement gap.
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Figure 1. Schematic drawings of (a) the axisymmetric flow field formed by the
impinging jet and, (b) the wall jet structure and nomenclature.
Wall jets are characterized by a triple-layered structure, as shown in Figure 1b. The
first detailed study of a wall jet was performed by Glauert (1956) in his pioneering work
on the theoretical solutions of the boundary layer equation for a jet spreading over a plane
surface (Glauert, 1956). A self-similar solution would require the local maximum velocity
(um) and wall jet half-width (Y1/2,i) to be functions of the radial downstream location x/d in
the form of


um  x 
  ,
Vj  d 


i
x
  ,
d
d 

Y1/2,i

(1)

(2)

where the exponent α is referred to as the decay rate of um, and βi is the growth rate of
Y1/2,i. Here, i = T,W indicates the top layer or wall layer, respectively. The wall jet is
subject to an incomplete self-similarity as the inner and outer regions of the flow scale
differently, based on the triple-layer hypothesis proposed by Barenblatt for planar wall jets
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(Barenblatt et al., 2005). The values of α, βi and Ci are determined by performing a linear
fit to experimental data plotted on a bi-logarithmic scale. The resulting expression for the
nominal jet half-width y1/2,i is given by
y1/2,i
d



i
x
e   .
d 

Ci

(3)

In the case of a confined impinging jet with small confinement gaps, a recirculation
region also exists where the flow is driven by both the free jet and the wall jet (Fitzgerald
& Garimella, 1997, 1998). The flow rotates at a relatively low velocity, forming a stable
toroidal vortex structure, as depicted in Figure 1a. This recirculation region represents a
secondary motion induced by the impinging and wall jets and has been shown to enhance
the heat exchange process at radial distances between x/d = 1.5 and 4 due to the
reattachment of the recirculating liquid with the bottom wall (Garimella & Rice, 1995).
Although the flow field created by the impinging jet has attracted numerous research
efforts for both heat transfer and fluid dynamics applications, many questions remain
unanswered: not much attention in the literature has been paid to the wall jet development
in a confined geometry. The main focus of the current study is to provide a detailed
experimental investigation of the influence of the confinement on the flow field and radial
wall jet development. Special attention has been given to the effect of the recirculation
structure on the early development of the wall jet and the notion of incomplete selfsimilarity is tested. To the authors’ best knowledge, this is the first experimental work on
the effect of the confinement on the self-similar structure of a radial wall jet.
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1.2

Experimental Method

1.2.1

Test section

A detailed description of the experimental facility was given by (Rau & Garimella,
2013). Only necessary details of the facility and SPIV measurement system have been
included here for brevity. A schematic drawing of the test section is shown in Figure 2.
The jet was formed by a round, sharp-edged orifice 3.75 mm in diameter (d) and two
diameters in length. The orifice was located at the center of the upper confinement plate.
Precision-machined

stainless

steel

pins

defined

the

nozzle-to-plate

spacings

(L)/confinement heights (H) between the confinement plate and bottom wall. A 25.4 mm
diameter (6.7d) circular copper surface was flush-mounted in the bottom of the
confinement gap bottom wall. This copper portion, with its center aligned with the jet axis,
was used for the heat transfer studies of (Rau et al., 2016). No heat input was used during
the current study. A small gap around the perimeter of the copper surface (on the order of
100 μm) is found to cause a slight disruption in the inner layer of the wall jet at Reynolds
numbers greater than 1,000. The diameter (D) of the upper confinement plate was 70 mm,
resulting in a confinement gap that extended 9.3 jet diameters downstream from the jet axis.
Two high-speed cameras (Phantom Miro M340, Vision Research) were installed with
viewing angles of 35° and 10°, as shown in Figure 2. Lens tilt adapters were used to satisfy
the Scheimpflug condition for SPIV (Willert, 1997). While the polycarbonate front and
back walls of the test section were transparent and allowed full optical access, the side
walls were made from opaque polyether-ether ketone (PEEK). The 2 mm thick laser sheet
was introduced to the test section through the back wall and reflected across the
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axisymmetric plane of interest with a mirror mounted inside the test section, as shown in
Figure 2.

Figure 2. A schematic drawing showing a top view of the test section and camera
positions for data recording and camera calibration.
1.2.2

Data recording

Five Reynolds numbers ranging from 1,000 to 9,000 at confinement heights of H/d =
2, 4 and 8 were investigated, as listed in Table 1. The double pulses from the laser (Nd:YLF
Terra PIV 527-80-M, Continuum, 527 nm) were synchronized with the cameras recording
single image exposures at an image pair frequency of 750 Hz. The liquid flow rate was
obtained by an in-line Coriolis flow meter (CMFS015M, Emerson).
Fluorescent polystyrene microspheres of 10 μm in diameter (Spherotech) were used
as seeding particles. The seeding density was maintained at a minimum of 10 particles per
32 × 32 pixel window by periodic re-seeding. This ensured sufficient mutual information
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between sequential images for meaningful cross-correlation with low measurement
uncertainty (Westerweel, 1994; Xue et al., 2015).
Table 1. Test matrix with jet velocity and time delay between laser pulses.

1.2.3

Re

H/d

Vj/(m/s)

Δt/ s

1,000
2,500
5,000
7,500
9,000

2, 4, 8
2, 4, 8
2, 4, 8
2, 4, 8
2, 4, 8

0.24
0.60
1.21
1.79
2.08

1000
460
350
220
180

Camera calibration

Camera calibration to map the image coordinates to the world coordinates were
obtained by calibrating each camera against a single-layer transparent glass target (FA131,
Max Levy Autograph). The calibration followed the procedure by Prasad (Prasad, 2000).
For calibration, the cameras and the target were translated a distance dz so that the
calibration target could move unobstructed by the inner mirror, as shown in Figure 2.
Calibration images were recorded at 7 planes from z’ = -1.5mm to z’ = 1.5mm with a 0.5
mm increment and were used to construct the calibration mapping functions. Selfcalibration was then performed (Wieneke, 2005). The final mapping functions were
applied in the three-component velocity reconstruction using the two-dimensional, twocomponent vector field from each camera based on the generalized reconstruction
procedure (Soloff et al., 1999).
1.2.4

Data processing

Prior to PIV evaluations, the images were pre-processed to eliminate background noise.
A local minimum subtraction was applied at each pixel across the entire time series for
each test case. An in-house PIV code, Prana for stereo-PIV (https://github.com/aether-
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lab/prana) implemented in Matlab (Mathworks) was used to perform the PIV evaluation
and stereo reconstruction. Cross-correlation between frames was performed using the
robust phase correlation (RPC) (Eckstein & Vlachos, 2009a, 2009b; Eckstein et al., 2008).
RPC substantially reduces bias errors and peak-locking effects in the presence of high shear
and rotational motion in comparison with standard cross-correlation algorithms.

In

addition, the time-averaged velocity field was obtained with an ensemble correlation
scheme (Delnoij et al., 1999) using 1000 correlation planes for each case.
For the overall flow field velocity evaluation, a 64 ×64 (x ×y) pixel square-windowed
interrogation region was used for the first pass, reduced to a 32 × 32 pixel window for the
subsequent passes. A 75% window overlap delivered a final spatial vector resolution of
200 μm in the x and y direction. A different set of PIV evaluation parameters were used to
resolve the thin wall jet. After the initial pass with a 64 ×64 pixel window, a window size
of 64 × 4 pixels was used for a spatial resolution of 25 μm in the y direction. Using
ensemble correlation in order to increase the correlation strength enabled this narrow
window size, similar to the approach used by Westerweel (Westerweel et al., 2004).
For all PIV evaluations, a continuous window offset with iterative window
deformation (Scarano, 2001) was applied to compensate for in-plane velocity gradients.
The first and intermediate passes were followed by vector validation, using universal
outlier detection (UOD) (Westerweel & Scarano, 2005) to remove and replace spurious
vectors, and a Gaussian smoothing filter. No smoothing was applied after the final pass.
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1.3

Results

1.3.1

Recirculation pattern

The flow field within the confinement gap consists of several distinct flow regions as
described in the introduction.

Similar to the flow visualization results reported by

Garimella and colleagues (Fitzgerald & Garimella, 1997, 1998; Garimella & Rice, 1995),
a recirculation pattern is observed in the current study. Streamtraces obtained from the
ensemble-averaged flow field are overlaid on top of contours of normalized velocity
magnitude as shown in Figure 3. In-plane velocity vectors are plotted in the regions of the
vertical jet and wall jet. At Re = 1,000, counter-clockwise recirculation zones are observed
at H/d = 2 and H/d = 4, though no recirculation is evident at H/d = 8. At Re = 9000, this
counter-clockwise recirculation is observed for the most confined case at H/d = 2, but is
no longer present at H/d = 4. At this Re = 9,000, a clockwise recirculation occurs at H/d =
8, but with a much lower velocity compared to the recirculation at H/d = 2 for this Reynolds
number.

9

Figure 3. Streamtraces overlaid on contours of velocity magnitude for Re = 1000 in
the left column and Re = 9000 in the right column, at confinement heights of (a) H/d = 2,
(b) H/d = 4 and, (c) H/d = 8. Velocity vectors are plotted within the impinging jet and
wall jet regions.
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1.3.2

Decay rate of the local maximum velocity (um)

The local maximum radial-velocity component (um) as a function of downstream
location from the jet centerline (x/d) for Re = 1,000-9,000 is plotted with a bi-logarithmic
scale in Figure 4 for the confinement heights of H/d = 2, H/d = 4, and H/d = 8. At H/d = 8
(Figure 4c), the linear decay of um begins at x/d = 2.72 (ln(x/d) = 1.0) and continues beyond
x/d = 8, out of the measurement domain. A similar region of linear decay occurs at x/d =
2.1 for H/d = 4 (Figure 4b), with the linear region again extending past the measurement
domain. However, at H/d = 2 (Figure 4a), the region of linear decay of um ends within the
range of the present flow field measurements. The end of this linear region moves further
downstream from the jet centerline as Reynolds number increases, extending from x/d =
4.5 (ln(x/d) = 1.5) at Re = 2,500 to x/d = 6 (ln(x/d) = 1.8) at Re = 9,000, indicating a
dependence on the jet momentum. A critical distance for the decay rate (lcrit,α) is defined
as the length from the jet centerline to the cessation location of the linear decay region of
um, which is determined as the location where a sudden increase in the magnitude of the
velocity decay occurs. The critical velocity (ucrit) is defined as the corresponding um for
each Reynolds number at lcrit,α, normalized by the jet velocity (Vj). Interestingly, while the
lcrit,α changes with jet Reynolds number, the ucrit for all Reynolds numbers are the same
and equal to um/Vj = 0.15 (ln(um/Vj)=-1.9).
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Figure 4. Decay of um for the confinement heights of (a) H/d = 2, (b) H/d = 4 and (c)
H/d = 8 for the range from x/d = 1 to x/d = 8. The shaded areas indicate the linear decay
range. The dashed line in (a) indicates the ucrit and the lcrit,α for Re = 2,500 is shown as
an example.
A velocity decay rate is calculated by fitting an equation of the form of Equation (1)
to the linear regions shown in Figure 4. The resulting decay rate (α) for each case is plotted
in Figure 5. Representative results from the literature (Bakke, 1957; Knowles & Myszko,
1998; Loureiro & Freire, 2012; Poreh et al., 1967; Tanaka & Tanaka, 1977) for radial wall
jets are tabulated in Table 2 for comparison with their range also denoted by the shaded
area in the Figure 5. As is shown in the figure, the values for α at Re = 1,000 differ from
the literature, indicating a faster decay of wall jet velocity at this low Reynolds number.
The decay rate for the higher Reynolds numbers (Re = 2,500, 5,000, 7,500, and 9,000)
show good agreement with previous studies including: jets with and without confinement,
nozzle-to-plate distances (L/d) ranging from 0.5282 to 25, and Reynolds numbers ranging
from 2,500 to 288,000.
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Figure 5. Decay rate of um as a function of both Reynolds number and confinement
height H/d. The shaded area indicates the range of values from the literature listed in
Table 2.
Table 2. Decay rate of um for radial wall jets from the literature.
Bakke
(1957)
Poreh et al.
(1967)
Tanaka
(1977)
Knowles
(1998)
Loureiro
(2012)

L/d

x/d range

Re

α

Confinement

0.5282

5~10

3.5 k

-1.12

No

6.6, 9.85, 19.7

10~60

-1.1

No

N/A

2~100

-1.09

No

2,4,8,10

1~10

90 k

-1.168

No

2

1~5

47 k

-0.989

Yes

107 k~
288 k
7.5 k~
55 k
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1.3.3

Jet core length (lc) and turbulent kinetic energy in the vertical jet

The difference in the decay rates of the wall jet between Re = 1,000 cases and all other
cases may arise due to a difference in the characteristics of the vertical impinging jet at this
low Reynolds number. We investigated this difference by looking at the jet core length
and turbulent kinetic energy. The jet core length (lc) is defined as the distance from the jet
orifice to the point where the centerline velocity has decayed to 95% of Vj. Figure 6 shows
lc normalized by the corresponding confinement heights (H) for all test cases. For Re =
1,000, the jet core is able to extend almost 85% of the entire gap at confinement height of
H/d = 8 before the jet impinges on the bottom plate. As the Reynolds number increases,
the jet core length at H/d = 8 drops by 68% at Re = 2,500 compared with the value at Re =
1,000, then recovers and stabilizes at about 55% of the length at Re = 1,000, implying a
fully developed regime at higher Reynolds number after a transition at Re =2,500. For Re
=1,000 cases, the bottom plate forces the impinging jet vertical velocity to decay much
faster if compared with non-impinging free jets at the same Reynolds number. While for
higher Reynolds number cases, this forced deceleration is less pronounced due to the fact
that the core length of the non-impinging free jets is by nature shorter due to the growing
shear layer and increased turbulent kinetic energies.
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Figure 6. The jet core length normalized by the confinement heights as a function of
jet Reynolds number.
To further investigate the turbulence characteristics of the impinging jets, turbulence
kinetic energies (TKE) are calculated for Re = 1,000, 2,500, and 5,000 for the three
confinement heights and plotted in Figure 7. TKE is calculated using u, v, w velocity
fluctuations obtained from 1000 time instances and non-dimensionalized by the squared
jet velocity (Vj2). For Re = 1,000, TKE is only significant in the thin shear layer
surrounding the vertical jet and the wall layer after impingement, with TKE values in this
region being greater than 0.1. At this low Reynolds number, TKE along the centerline of
the jet remains very low in magnitude (with a magnitude of less than 0.1), with turbulence
from the shear layer only reaching the jet centerline for H/d = 8 near the impingement
surface at y/d ≈ 2.2. This low turbulence at the center of the jet suggests an extended
laminar potential core region, which would help preserve vertical jet momentum before
impingement. On the contrary, centerline turbulence is much higher for the Re = 2,500
and 5,000 cases, suggesting a shorter jet potential core and reduced impingement
momentum. The initial conditions for the developing wall jet at the higher Reynolds
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numbers in this study, thus, have higher levels of turbulence and reduced momentum
compared to the Re = 1,000 case.

Figure 7. Dimensionless turbulence kinetic energy contours for Re = 1,000, 2,500
and 5,000 at H/d = 2, 4 and 8.
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1.3.4

Growth rate of the wall jet thickness Y1/2,i

Due to this small gap between the heater and the bottom plate as introduced in Section
1.2.1, the wall layer half-width development is not properly resolved at higher Reynolds
numbers in the current study. To be conservative and consistent, only the growth rates for
the Re = 1,000 cases are presented for discussion. The upper and lower Y1/2 are plotted
with a bi-logarithmic scale for different confinement heights at Re = 1,000 in Figure 8.
The exact values for Y1/2,T and Y1/2,W are determined by spline interpolation to determine
the precise y/d position where u/um = 1/2 occurs at each x/d location. The range used for
linear fitting and scaling analysis is shown with the solid lines overlaid on the plotted data
in Figure 8. Data are included in the linear fit if they fall within the linear decay range of

um (as shown in Figure 4) and only regions where data for the top layer and wall layer
overlap are considered in the comparison. As shown with the lines in Figure 8, the x/d
range where the linear growth occurs moves further downstream as the confinement height
increases.
The growth rates resulting from the fit of Equation (2) to the data shown in Figure 8
are listed in Table 3 as the shaded rows. As the confinement height is reduced, the growth
rate of the wall jet increases from βT = 0.889 at H/d = 8 to βT = 1.340 at H/d = 4. The
growth rate of the inner layer also increases from βW = 0.868 at H/d = 8 to βW = 1.746 at
H/d = 2. The results show that the growth of the boundary layer accelerates as the
confinement height is reduced.
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Figure 8. The Y1/ 2,T and Y1/2,W for different (a) H/d = 2, (b) H/d = 4, and (c) H/d = 8 at
Re = 1,000. The solid lines indicate the linear growth range that is used for scaling
analysis. The dashed line corresponds to the critical distance for the linear growth of wall
jet half-widths.
Values for βi from previous studies in the literature (Bakke, 1957; Barenblatt et al.,
2005; Knowles & Myszko, 1998; Poreh et al., 1967; Tanaka & Tanaka, 1977; Tang et al.,
2015) are also tabulated in Table 3 for comparison. The current results show that for Re =
1,000 at H/d = 4 and 8, there is little difference between βi for the top layer and wall layer.
This is not in agreement with the incomplete self-similarity proposed by Barenblatt et al.
(2005). In contrast, a large difference is observed for βi in the top and bottom layers at H/d
= 2, indicating that the incomplete self-similarity occurs at this confinement gap height.
Results at additional confinement gap heights and Reynolds numbers are needed to verify
whether this self-similarity is universally maintained at higher confinement spacings.
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Table 3. Growth rate for both top and wall layers for Re = 1,000 cases and from
literature.
Surface

Re

Radial
Radial
Radial

x/d
range
2.0~4.0
3.0~5.5
4.1~6.7

Smooth
Smooth
Smooth

1,000
1,000
1,000

1.275 1.746
1.340 1.347
0.889 0.868

Radial

5~10

Smooth

3,500

0.94

N/A

Radial

10~60

Smooth 107,000~288,000

0.9

N/A

Radial

2~100

Smooth

7,500~55,000

0.97

N/A

Radial

1~10

Smooth

90,000

1

N/A

Planar

40~150

Smooth

9,600

0.93

0.68

Planar

30~80

Smooth

7,500

0.780 0.504

Planar

30~80

Rough

7,500

0.817 0.403

Type
H/d = 2
H/d = 4
H/d = 8
Bakke
(1957)
Poreh et al.
(1967)
Tanaka & Tanaka
(1977)
Knowles & Myszko
(1998)
Barenblatt et al.
(2005)
Tang et al.
(2015)
Tang et al.
(2015)

βT

βW
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1.3.5

Self-similarity of the velocity profile in the wall jet at Re = 1,000

The self-similarity of the velocity profiles is further investigated using the fitted
coefficients βi for both the top layer and the wall layer. The velocity magnitude is
normalized by um at each x/d location and the vertical distance from the bottom wall is nondimensionalized by the nominal y1/2,i, given by Equation (3), using the coefficients from
the fitting results. The rescaled velocity profiles, shown in Figure 9, are plotted in the range
where the linear growth of the wall jet holds, as discussed in Section 1.3.4.

Figure 9. Velocity profile collapse for Re = 1,000 for (a) H/d = 2, (b) H/d = 4 and (c)
H/d = 8. Data in the top row are plotted with vertical distance (y) non-dimensionalized
by y1/2,T ,while data in the bottom row are plotted with vertical distance (y) nondimensionalized by y1/2,W. Velocities are normalized by the local um.
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As shown in Figure 9, no major difference is observed between the velocity profiles
scaled with the top layer coefficients and wall layer coefficients for H/d = 4 and H/d = 8.
This result is expected given the small differences in βT and βW that determined for at H/d
= 4 and H/d = 8. The velocity profiles for these cases do not display the incomplete selfsimilarity proposed by Barenblatt et al. (2005), and also show that self-similarity coincides
within the linear growth range of Y1/2,i. In contrast, the velocity profiles for H/d = 2 shown
in Figure 9 do display incomplete self-similarity. Only the top of the velocity profile
collapses when normalized with βT, while only the inner layer of the profile collapses when
normalized with βW.
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1.3.6

Recirculation structure and swirling strength

Time-averaged vortical structures are identified using λci criterion proposed by Zhou
(Zhou et al., 1999), where the imaginary part of the complex eigenvalue of the velocity
gradient tensor (λci) is calculated and referred to as the local swirling strength of the vortex.
Contours of swirling strength are plotted in Figure 10 for the regions of the flow shown
with the dashed windows in Figure 3. Note that the vertical range of the plot for the H/d =
8 case is different from the H/d = 2 cases.
As shown in Figure 10 a to c for H/d = 2, the recirculation core moves outwards away
from the jet with increasing Reynolds number. This outward movement is accompanied
by a decrease in the magnitude of the swirling strength. Figure 10d shows a recirculation
zone that occurs at H/d = 8. It can be observed that the swirling direction is opposite for
this higher confinement gap spacing compared to the H/d = 2 cases shown in Figure 10.
The reversed recirculation direction is a result of the distinctly different mechanism
generating the liquid motion at the large confinement gap spacing. At the smallest
confinement height, the motion caused by entrainment has a greater influence on the
surrounding flow field due to the reduced cross-sectional area in the gap; a counterclockwise rotation results as liquid in the wall jet recirculates back towards the vertical jet.
In contrast, the recirculation at H/d = 8 occurs near the top edge of the confinement gap, as
shown in Figure 3. This recirculation is formed due to the slow motion of surrounding
liquid outside of the confinement gap being drawn into the confined space. Due to the
lower liquid velocities inherent for this process, the resulting swirling strength of the vortex
observed at H/d = 8 is lower compared to the intense recirculation observed at H/d = 2.
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Figure 10. The recirculation core and contours of the swirling strength.
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1.4

Discussion
Much of the information in the literature on wall jets has been obtained through the

study of planar wall jets (Launder & Rodi, 1983). The evolution of the length scales of
planar and radial wall jets, (i.e. the growth rate of the Y1/ 2,i ) are very close (Banyassady,
2015). Typical growth rates for both planar and radial wall jets are βT ≈ 0.8~1 (Bakke,
1957; Barenblatt et al., 2005; Knowles & Myszko, 1998; Poreh et al., 1967; Tanaka &
Tanaka, 1977; Tang et al., 2015). However, the evolution of the velocity scales (i.e. the
decay rate of the local um) is dependent on the wall jet geometry; the radial wall jet
decelerates faster due to spreading in the azimuthal direction. Typical decay rates for
planar wall jets range from α ≈ -0.6 to -0.5 (Barenblatt et al., 2005; Tang et al., 2015),
which is much lower than the typical values for radial wall jets (α ≈ -1 to -1.2) (Bakke,
1957; Poreh et al., 1967). Thus, the decay rate of maximum velocity in this study is only
compared to results from radial wall jets in the literature in Section 1.3.2, while results
from both planar and radial studies are used for comparison of growth rate in Section 1.3.4.
To the authors’ best knowledge, little has been reported regarding the triple-layered
incomplete self-similarity for radial wall jets, therefore comparison of this is limited to
results obtained from planar wall jet studies.
The growth rate is much higher at H/d = 2 than at the larger confinement gap heights.
At H/d = 8, the βT and βw values are 0.889 and 0.868, which are close to the values reported
in the literature for unconfined wall jets. As the upper confinement plates moves closer to
the bottom wall, the values of βT and βw increase to 1.340 and 1.347 at H/d = 4, and 1.275
and 1.746 at H/d = 2. This trend indicates that smaller confinement gap heights increase
the growth of the boundary layer on the bottom plate.
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Confinement is not shown to have a large effect on the decay rate of um in the current
study. For Reynolds numbers above 2,500, the decay rate has a universal value α ≈ -1.1 to
-1.2, regardless of confinement heights. Furthermore, the velocity profiles at H/d = 2 are
found to not reach self-similarity, indicating that the overall decay of radial velocity is
negligibly influenced by the self-similarity of the wall jet. Given these results, it is apparent
that confinement does not have a strong influence on the decay rate of um, but it does alter
self-similarity and the range where the linear growth occurs, as shown in Figure 8.

Figure 11. The radial position of the recirculation core plotted with the critical
distance in linear decay of um and critical distance in the linear growth of Y1/2,i for H/d = 2
as a function of Reynolds number.
The critical distance for the decay and growth rate (lcrit,α and lcrit,β shown in Figure 4a
and Figure 8a) indicates where the end of the linear decay of um and linear growth of Y1/2,i
occurs at H/d = 2. The critical distances as a function of Reynolds number are plotted in
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Figure 11 together with the recirculation core position as shown in Figure 10. For the same
Reynolds number, the radial position of the recirculation core and the critical distances for
growth rate and decay rate lie within 1 jet diameter of each other. This suggests that the
early termination of the linear decay and growth region is caused by the recirculation of
liquid within the gap at H/d = 2. Boundary layer separation is caused by the axisymmetric
vortex ring, which interrupts the development of the wall jet. The wall jet velocity decays
exponentially until a critical value of maximum radial velocity (ucrit) is reached, after which
the radial momentum is weak enough to be overcome by the recirculation. The critical
velocity is found to be ucrit/Vj = 0.15 for all H/d = 2 cases studied.
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CHAPTER 2. CONCLUSION REMARKS

2.1

Summary of the Current Work
The current study fills in the research blank of the radial wall-jet development in the

near field downstream of the impingement in the confined space. The confinement has
been found to significantly alter both the overall flow regime, the free-jet development and
the wall-jet development.
The decay rate of the local maximum velocity in the wall-jet region is found to have a
universal constant close to -1.1 in the developing region, which is close to the decay rate
reported by other researchers for the fully-developed region for radial wall-jets. The related
hypothesis would be that the development of the self-similarity only re-distributes the
momentum flux along the vertical direction, and the momentum flux strength decays
regardless of the velocity profile. And the confinement is found not to affect this process.
At low Re, which is 1,000 in the current study, the decay rate of the local maximum velocity
in the wall-jet region is much higher than other cases investigated. This might be due to
the starting vertical jet still lies in the laminar regime.
Contrary to what Barenblatt proposed, no major difference has been found regarding
the rate of growth for the top and wall layers of the wall-jet, at low Re regime in the early
stage of the wall-jet development at H/d=4 and 8 confinement heights. Velocity profile
collapsing using top and wall layer scaling constants respectively is shown for Re=1,000
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according to the triple-layered in-complete self-similarity proposed by Barenblatt, but only
the H/d=2 case shows difference due to the discrepancy in  i .
The confinement height has been found to influence the free-jet region before
impingement and make a difference in the starting condition for the wall-jet region to start
developing with. The H/d=2 confinement height cases have a more uniform potential core
length across the Re and a larger expansion angle compared to the other confinement
heights. As a result, the H/d=2 cases show much higher mass entrainment coefficients than
the less confined cases. The confinement height has also been found to alter the direction
of recirculation. The donut-like rotating motion of the ambient liquid is found to be
counter-clockwise for H/d=2 cases and clockwise for H/d=8 cases. And the recirculation
cores for the H/d=2 cases are proven to locate where the transition points of the rate of
decay curve and rate of growth curve are, in terms of downstream location x/d.
2.2

Limitation of the Current Work and Future Work
The main constrain of the current work is due to the disturbance caused by the heater

edge, which prevents the analysis of inner layer scaling for higher Reynolds number cases.
Also a higher spatial resolution could be achieved if the cameras are only looking at the
wall-jet region, which will give more vectors in the wall layer for better interpolation and
scaling analysis. Additionally, the overall flow pattern could have been better analyzed
using the adaptive windowing PIV scheme (Theunissen et al., 2006), which may aid in
improving the spatial resolution by locally optimization of the interrogation window.
A fixed sampling rate of 750 Hz is used for all the Re cases, which limits the temporal
resolution of the measurement, preventing further analysis of the turbulent intensity and
coherent structure from the instantaneous flow field. To better capture the flow dynamics

28
in the low-velocity region, a multi-frame PIV evaluation scheme (Persoons & O’Donovan,
2008) could be used to enhance the measurement dynamic range.
A simultaneous local heat transfer measurement together with PIV measurement can
be used to look into the coherent structure evolvement and the well-known secondary
annular peak of Nusselt number (Gardon, 1962).
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